ABSTRACT Asymptotic orthogonality of channel vectors, also called favorable propagation (FP), plays a key role in massive multiple-input multiple-output (MIMO) systems, allowing linear processing to achieve optimality and maximize the information rate. Much research on the FP condition emerges under different assumptions, most of which has been proved to satisfy the FP condition for some massive MIMO implementations. A generic channel model without mutual coupling is proposed to study more general implementations than previously investigated. Two theorems establish: 1) conditions on the steering matrix alone that are sufficient to guarantee the FP condition holds and 2) that a simple condition on the steering matrix alone is sufficient to guarantee FP for all practical massive MIMO implementations. Then the uniform linear array, uniform planar array (UPA), and uniform circular array (UCA) antenna configurations are studied. Theoretical analyses indicate how close and how fast the inner product of different steering vectors converges to zero for a finite number of base station (BS) antennas, and prove that the FP condition is satisfied for the antenna configuration considered for an unlimited number of BS antennas only if the antenna spacing is not proportional to the reciprocal of the number of antennas. The analysis shows that the UCA has the shortest distance from the FP condition among the three antenna structures, while the UPA is especially suitable for massive MIMO systems for 5G owing to its good FP performance and compact physical size. Simulation results validate the theory.
I. INTRODUCTION
Massive multiple-input multiple-output (MIMO) systems have attracted much attention in 5G discussion because of their potential for enormous enhancements in spectral efficiency with linear processing [1] - [5] . Yet, the enticing benefits can be achieved only under the condition that the channel vectors associated with different users become orthogonal as the number of antennas, M , increases without bound. This condition, called favorable propagation (FP), is one of the key assumptions in massive MIMO. Whether the actual channel satisfies the FP condition or not will determine the application of massive MIMO in 5G. Several studies have addressed the validity of the FP condition under different situations. At first, the FP condition has proved to be satisfied when the aggregate channel is constituted of independent Rayleigh fading subchannels [1] . Later, some work describing line of sight (LOS) propagation was investigated under different assumptions. The inner product of different user channels under a LOS case when the base station (BS) uses a uniform linear array (ULA) has first analyzed with the fixed angles [6] . Then the interuser interference has proven to vanish when a LOS channel with a ULA antenna structure possesses a particular anglesof-arrival (AoA) distribution where the sine value of the AoAs are assumed to be uniformly distributed for analysis simplicity [7] . Note that the assumption of the angular distribution used by [7] is unrealistic and is much different from the practical distribution where the AoA, instead of the sine value of it, is assumed to be uniformly distributed. Further, the FP condition under specific correlation where all the users are within a circle was investigated in [8] and the spatial common sparsity (SCS) channel, a good model for realistic massive MIMO channels, has been proved to satisfy the FP condition with an ULA configuration, where the more practical assumption that the AoA obey the uniform angular distribution is used in [9] . However, A particular case where the FP condition does not hold, showing that inter-user interference may not vanish in a massive MIMO system with a space-constrained antenna structure, contrary to the conclusion in space-free situations under a LOS condition was proposed in [10] , with one deficiency that it was based on the unrealistic angular assumption that [7] used. Nevertheless, we will prove that the conclusion is also correct for a realistic assumption in the later analysis.
The early research on the FP condition is almost all based on the ULA configuration. For consideration of channels with different antenna structures, some research extending ULA has emerged. The uniform planar array (UPA), and the uniform circular array (UCA) have first investigated in [11] and [12] . [11] explores the FP condition from a structured channel where the channel is assumed as a combination of virtual paths for massive MIMO regime. While [12] analyzes the inner product of different channel vectors under a LOS case. However, both paper were analyzed based on the fixed angles. Although it can prove the FP condition and show some useful properties anyway, it has obviously defects that the method cannot examine how close and how fast the different channel vectors become orthogonal when increasing the number of antennas in a realistic channel where only the angular distribution can be obtained, which could be important for transceiver design and practical deployment. Apart from the UPA and the UCA, there are also some other literatures concerned about other antenna structures such as URA [13] , irregular arrays [14] , etc. In addition, some other properties like mutual coupling and high mobility were also investigated in [15] , [16] , and [17] .
In this paper, we focus on the FP condition without mutual coupling that the channel only knows the angular distribution. We first establish, using a generic MIMO channel model, that conditions on the steering matrix alone are sufficient to guarantee the FP condition holds. Then ULAs, UPAs and UCAs are examined using the steering matrix. Theoretical analysis shows how close and how fast the inner products between different steering vectors converge to zero for different antenna configurations under a practical angular distribution. The analysis also shows that the inter-user interference vanishes with an unlimited number of BS antennas only if antenna spacing is not proportional to the reciprocal of the number of antennas for all the antenna structures. Furthermore, a brief discussion comparing different antenna configurations is also considered with respect to the distance from FP. Finally, some simulation results are given to support the analysis.
The paper makes the following specific contributions:
• In this paper, we analyse the FP condition in a generic channel model, where the channel is valid both for LOS and NLOS propagation, having the properties of sparsity and non-sparsity, respectively. Previous studies of the FP condition usually examine only a particular channel; e.g., most research analyses the LOS channel [6] - [8] , [10] , [12] , except [9] which proves that the FP condition can exist in a SCS channel. The theoretical analysis has proven that conditions on the steering matrix alone that are sufficient to guarantee the FP condition holds if the number of BS antennas tends to infinity.
• We extend the UPA case and the UCA case by analyzing it under a realistic angular distribution instead of certain fixed angles, where all the angles of the azimuth and elevation possess uniform distributions in the AoA for finite numbers of BS antennas. We also give how close and how fast the different channel vectors become orthogonal in such case.
• We derive a general conclusion, suitable for ULA, UPA and UCA, that the expectation of the inner products between different channel vectors will converge to zero when the number of BS antennas grows large, only if antenna spacing is not proportional to the reciprocal of the number of antennas under the realistic angular distribution. The conclusion covers a result of existing literature, and expands the conclusions in [10] to more practical cases other than an unrealistic angular assumption. In addition, we extend the space constrained condition for massive MIMO to the UPA case and the UCA case. Thus, we establish a rigorous condition that must be satisfied for massive MIMO to work in a practical deployment.
• At last, we respectively compare the orthogonality of different channel vectors for three antenna configurations with different wavelength and physical size. The remainder of the paper is organized as follows. Section II describes the definition of the FP condition and the model we use. Section III proves conditions under which the characteristics of the steering matrix ensure the FP condition. Section III also analyzes the expectation and the variance of the inner products between different steering vectors for ULA, UPA and UCA geometries for finite numbers of BS antennas. Further, the FP conditions for all three antenna configurations are analyzed in massive MIMO regimes under a condition of practical deployment. Section IV proves a case where the FP condition is invalid for all three antenna configurations. In addition, we give a brief discussion comparing these antenna configurations in this section. Section V numerically verifies the theory. Finally, Section VI summarizes the results.
Notations: Boldface lower and upper case symbols denote vectors and matrices, respectively. C m×n denotes a complex matrix of dimension m × n. The transpose and Hermitian transpose operators are represented by (·) T and (·) H , respectively. We use I N to denote the size-N identity matrix. E{·} and Var{·} denote the expectation and variance operator, respectively. J m (·) and J n m (·) represent the m-order Bessel function of the first kind and its n-th power, respectively. U [a, b] represents a uniform random variable on [a, b] .
II. PRELIMINARIES A. SYSTEM MODEL
We consider a typical massive MIMO system with one BS equipped with M antennas that simultaneously serves K single-antenna users. In general, M is much larger than VOLUME 5, 2017 K , and M is often increased to infinite value in theoretical analyses. We assume a narrowband flat fading channel model and obtain the M × 1 received signal vector y at the BS
where x ∈ C K ×1 denotes the vector of symbols transmitted by K users, satisfying
is a vector of independent and identically distributed (i.i.d.) zero-mean additive white Gaussian noises and p u > 0 represents the average transmit power, assumed to be the same for all users.
B. FAVORABLE PROPAGATION
In massive MIMO systems, one says that the channel has favorable propagation when the normalized channel vectors become asymptotically orthogonal to each other as M increases without limit. This can be expressed as [7] 1 M g
where g i ∈ C M ×1 is the i-th channel vector. We assume the BS has perfect channel state information (CSI); then the achievable capacity of the uplink massive MIMO link can be expressed as
and when the MIMO channel satisfies the FP condition, one has
It can be observed that when the channel satisfies the FP condition, i) the inter-user interference vanishes; ii) linear processing becomes optimal when M approaches infinite value; and iii) the channel information rate reaches maximum [7] . In practical systems, the FP condition indicates that the distance from FP defined by [7] should be as small as possible. The distance from FP is defined in [7] as
When C = 0, the channel is said to satisfy the FP condition.
C. CHANNEL MODEL
In this paper, we use a generic channel model, where the channel consists of a steering part and a wireless channel part, each of which is modelled by an appropriate matrix. In the steering part, the elements are the responses of the BS antennas corresponding to different AoA. In the wireless channel part, the elements are the complex signal gains before the signals reach the BS antennas, as a function of the AoA according to the channel characteristics. In matrix form, the channel is modelled as
where W ∈ C M ×L is a steering matrix that consists of L column vectors, each of which represents the steering vector according to a certain path, i.e. the signal received by the BS has L paths from all users. We have
where w l ∈ C M ×1 is the l-th column vector of W, and a BS (AoA l ) represents the steering vector of the BS antennas according to the l-th path. Matrix V ∈ C L×K denotes the wireless channel signal gains, as functions of the AoA before the signal reaches the BS antennas. Its column vectors have the form
where α lk , a complex number, represents path loss, time delay and Doppler frequency shift, which characterize the amplitude and phase change of the signal on the l-th path for the k-th user. Note that the element α lk is equal to zero if the l-th path does not belong to the k-th user. This channel model can represent many of the MIMO channels found in the literature. For example, when L = K , each user has only one path to the BS, and the channel models the single LOS propagation case; when L K , the channel can model the NLOS propagation case. Moreover, if we decompose α lk into different forms, we can obtain or approximate different channels, such as the MIMO channel in the 3GPP standard [18] , and the Saleh-Valenzuela (SV) channel [19] . For illustration, we give the particulars of the equivalence of the SV channel and our channel model. For the SV channel, the channel matrix G can be expressed as [19] ,
where the parameters in (9) are those defined in [8, eq. (4) ].
If we consider α in (8) as a combination of
, β u,l , and a MS (ϕ u,l ), the generic channel model is identical to the SV channel model. Similarly, if we consider α lk in the time domain and L has small values, we obtain the SCS channel of [9] . To use the generic channel model, we could make our conclusion applied for most practical scenarios.
III. ANALYSES OF DIFFERENT CHANNEL VECTORS
According to the channel model (6)- (8), the channel response g mk can be expressed as
w ml α lk (10) where w ml is the m-th element of steering vector w l . Then, according to the definition of favorable propagation (2), we examine
w ms α sk (11) where i and k represent two arbitrary users with 1 ≤ i < k ≤ K . As we want to know how close and how fast the different channel vectors become orthogonal when increasing the number of antennas, we investigate the expectation and variance of the random scalar product
and taking the statistical expectation of (11) gives
Observe that the index m in (12) does not occur in the product α * ri α sk . Therefore, we can rewrite (12) as
and then the FP condition holds, provided only that α * ri α sk and w * mr w ms are uncorrelated, that is provided only that steering matrix W and wireless channel gain matrix V are uncorrelated.
Proof: Substituting (15) into (13), we derive the desired result.
An even weaker condition can guarantee that the FP condition is satisfied. This is formalized as Theorem 2.
Theorem 2: Let the complex channel gain matrix, G, be expressed as the matrix product G = WV (17) where W and V are the steering matrix and the wireless channel angle of arrival signal gain matrix, respectively where the element α lk of V characterizes the amplitude and phase changes of the signal on the l-th path for the k-th user, including path loss, time delay and Doppler frequency shift. Then, if the |α lk |, l = 1, . . . , L and k = 1, . . . , K are bounded, that is if the condition |α lk | < ∞, for all l and k is satisfied, the condition,
is sufficient to guarantee that the FP condition is satisfied, that is
holds.
Proof: Assume that all |α lk | are bounded, and let |α| max be the maximum magnitude of α lk , i.e., |α lk | ≤ |α| max = C α , where C α is a positive real number, i.e.,
Substituting (20) into (12), and after some straightforward manipulations we obtain
If (18) is satisfied, we directly get (19) . Theorem 2 is significant and important because the condition that the wireless channel gain be finite is satisfied by all practical massive MIMO systems; it is only in theoretical concept that the amplitude of any wireless channel gain is not bounded away from infinity. Thus, the condition (18) is sufficient for the FP condition to hold in all practical massive MIMO systems. Note that Theorem 1 and Theorem 2 give sufficient conditions for FP to hold; note that these are not necessary conditions, and neither the converse of Theorem 1 nor the converse of Theorem 2 is true.
Theorem 1 and Theorem 2 have established that specified conditions on the antenna structure and its AoA can be sufficient to determine that a practical MIMO channel satisfies the FP condition. In order to gain novel insights into when the FP condition holds for practical implementations, we investigate three most commonly used antenna configurations in the following subsections, using Theorems 1 and 2, i.e., by examining the steering matrices.
A. ULA
A typical deployment where the BS uses a ULA is depicted in Fig. 1 . Note that the BS knows only the azimuth angles of VOLUME 5, 2017 the received signals. The steering vector of the l-th path can be represented by
where λ is the carrier wavelength, d represents the antenna spacing and θ l denotes the AoA of the l-th path. Then, the ml-element of the steering matrix for the ULA can be expressed as
Assuming the AoA are uniformly distributed on [0, 2π ) [20] , we have the following proposition [9] .
w * mr w ms , the expectation and variance of the steering vectors for a ULA can be expressed as,
where M = represents that the equation holds with equality or near equality when M is sufficiently large.
Proof: See Appendix B. We turn our attention to the massive MIMO regime, i.e., M → ∞. For practical deployment, the antenna spacing for a ULA is usually half the wavelength, i.e., d = λ 2 . Exploiting Proposition 1, we have
Since the decay of the magnitude of the function J 0 (x) is proportional to
, the decay of the magnitude of
The analysis above leading to (26a) and (26b) is valid for the general channel, including LOS or NLOS, and sparse or non-sparse cases. That is to say the channel where the BS is equipped with a ULA satisfies the FP condition for practical cases. This result is known from [6] - [9] and [11] . Here, this result is derived a different way, and serves to illustrate the validity and the simplicity of applying Theorems 1 and 2. 
B. UPA
In this subsection, we investigate the UPA case, which may be the most commonly used antenna configuration in practical deployment for 5G due to the advantage of compact size. As depicted in Fig. 2 , a typical deployment where the BS uses a UPA is composed of M x and M y antennas in the planar x and y axes, respectively, and the corresponding antenna spacings are d x and d y . The total number of the BS antennas is then M = M x M y . Different from the ULA case, the BS antenna array must be specified by two AoAs, which means more complexity in the analysis. In this illustration, we use θ and ϕ to denote the elevation and azimuth AoA, respectively. The steering vector of the l-th path can be represented by (27) where
, λ is the carrier wavelength, θ l , ϕ l represent the elevation and azimuth AoA of the l-th path, respectively and m x , m y denote the indices of the m x -th antenna element in the x-axis direction and the m y -th antenna element in the y-axis direction, respectively. The ml-element of the steering matrix for the UPA can be expressed as 
where
= represents the equation holds when M is sufficiently large.
Proof: See Appendix C. We investigate the massive MIMO regime, i.e., M → ∞. For practical deployment, the antenna spacing for a UPA is usually half the wavelength, i.e.,
Exploiting Proposition 2, we have 
Similar to the ULA case, (31a) and (31b) are valid for the general channel. We draw the conclusion that the channel where the BS is equipped with a UPA satisfies the FP condition for practical cases (as well as a ULA). Under a practical assumption that the elevation and azimuth AoA are uniformly distributed, we have revealed the trends of inter-user interference with finite numbers of antennas when the BS is equipped with a UPA restricted to the condition that the channel only knows the angular distribution. This result is original. 
C. UCA
Finally, we consider the UCA case. As depicted in Fig. 3 , the BS has M antennas, and the radius of the array is r. Assuming the antenna elements are uniformly distributed on the circle, the neighbouring antenna spacing is
and the angle from the first antenna to the m-th antenna equals
Similar to the UPA case, the BS has elevation and azimuth AoA. Taking the center of the circle as the reference point, the steering vector of the l-th path can be represented by
where λ is the carrier wavelength, and θ l , ϕ l represent the elevation and azimuth AoA of the l-th path, respectively. Taking (32) and (33) into consideration, the ml-element of the steering matrix for a UCA can be expressed as
Assuming the elevation AoA are uniformly distributed on 
where M = represents the equation holds when M is sufficiently large.
Proof: See Appendix D. We study the massive MIMO regime, i.e., M → ∞. For practical deployment, the antenna spacing for a UCA is usually half the wavelength, i.e., d =
Since lim x→∞ J 0 (x) = 0, and the decay of J 4 0 (x) is proportional to 1 x 2 , we obtain
Similar with the other two cases, (38a) and (38b) are valid for the general channel as well, and we conclude that the channel where the BS is equipped with a UCA satisfies the FP condition for practical cases.
Under the same assumptions used in the UPA case, we have revealed the trends of inter-user interference with finite numbers of antennas when the BS is equipped with a UCA restricted to the condition that the channel only knows the angular distribution. This work here is original.
IV. DISCUSSION
We have proved that the FP condition is achievable in the massive MIMO regime when the BS is equipped with a ULA, UPA or UCA. The theory matches existing massive MIMO channel measurements [22] - [25] . To have completeness in the theory, we further investigate the extreme case. Observe from the examples that the statistics of the inner products between different steering vectors for all the antenna configurations involve Bessel functions, each of whose independent argument has the form of the product of the number of antennas M , or M − 1, and the antenna spacing d. Since the magnitude of the Bessel function decreases as its argument increases, the channel gets better (reduced inter-channel interference) when Md increases. In practical implementations, the antenna spacing is usually a fixed distance independent of the number of antennas. Under this condition, the channel generally gets better when the number of antennas gets larger, but when the antenna spacing is getting smaller, the channel generally gets worse. Assuming the antenna spacing is sufficiently small, we have the following proposition.
Proposition 4: The FP condition is violated for all three antenna configurations when the antenna spacing is proportional to the reciprocal of the number of antennas.
Proof: See Appendix E. Obviously, when the space is constrained, i.e., Md = const., the antenna spacing is proportional to the reciprocal of the number of antennas, in other words, the FP condition is violated. So Proposition 4 covers the result of [10] and extends it to more general cases and more antenna configurations. To further understand Proposition 4, we conduct an example
M to represent the case of the small space-constrained, the middle spaceconstrained and the large space-constrained, respectively. Assuming M → ∞, and exploring the inner product of the steering vectors for the UCA case by using (62) (the inequality in (62) trends to be equality when M is large), we have
0 (50) ≈ 10 −5 for the small, the middle and the large case, respectively. That is to say, although E ô = 0 for M → ∞ in such cases, which is exactly the same as described in Proposition 4, the large spaceconstrained case is approximate to the FP condition in massive MIMO regime (practical deployments usually work in large space-constrained case). More precisely, Proposition 4 is more reasonable for the small space constrained case, e.g., E ô > 0.17 for the UCA case when d = ηλ M where η < 2.5, which means the measurement of the array size is comparable with the wavelength.
Based on the analyses in the last section and Proposition 4, we draw the conclusion that the inter-user interference vanishes with an unlimited number of BS antennas only if antenna spacing is not proportional to the reciprocal of the number of antennas for all the antenna structures. These conclusions are important novel insights of the paper. Note that the conclusions are derived without considering mutual coupling of different antennas. However, it could be neglect when the antenna spacing is large.
Further, we make an initial exploration into how the three antenna configurations affect the FP condition. From the analysis of (24), (29) and (36), all the inner product of different steering vectors for the ULA, UPA and UCA have the form of Bessel function which decrease with increasing number of BS antennas. Typically, both the expectation and variance of the UPA and UCA are of the order of J 4 0 (x), while, those of the ULA is of the order of J 2 0 (x). Under the practical assumption used in Section III, i.e., the ULA, UPA and UCA have the same antenna spacing of d = A number of interesting observations are made from Fig. 4 . First, we observe from the figure that with a fixed number of BS antennas, the decay of the expectation of the inner product of different steering vectors for the UCA is far superior to the decays for the ULA and UPA, which are almost the same with the UPA being slightly better. For example, using 150 antennas, the expectations for the UCA, UPA and ULA are 2.7 × 10 −4 , 8.5 × 10 −3 and 1.0 × 10 −2 , respectively. Regarding the variance, the UCA is closest to zero and decays the fastest to zero. For example, to achieve 10 −2 variance, the UCA, ULA and UPA require about 120, 160 and 195 antennas, respectively. In addition, we plot the derivative of the expectation and the variance of the steering vectors versus the number of BS antennas for different antenna arrays in Fig. 5 to evaluate how fast the different steering vectors become orthogonal. From Fig. 5 , we can observe that all the arrays increase fast to converge, i.e., the FP condition will be approximately achieved fast with increasing number of BS antennas for all three antenna structures. Typically, the UCA will be more faster than other two antenna structures. While, the ULA has the worst case among them, which is a bit lower than the UPA.
The results and observations from Fig. 4 and Fig. 5 would seem to indicate that the UCA is the superior array structure. However, the number of antennas is not the only resource cost. The land occupied by the array is also a resource and the cost of leasing or purchasing the land in developed urban locations may far exceed the cost of the antennas. We will use array area as the measure of array size (rather than, e.g., maximal dimension) because the real estate resource required to accommodate the array is typically priced by area. Fig. 6 shows the expectations and variances of the UCA and UPA on the basis of equal 2-dimensional areas being required from the land resource. The ULA is not included in this comparison, as it is a 1-dimensional structure and right-of-ways along train tracks or power line corridors are priced differently than 2-dimensional land. In Fig. 6(a) , the UCA is better than the UPA as regards the expectation, whereas the UPA is better than the UCA as regards variance. For example, a target value of 10 −2 for expectation is achieved with 2.0 × 10 −3 m 2 and 3.8 × 10 −3 m 2 deployment of land resources for the UCA and the UPA, respectively, while a target value of 10 −2 for variance is achieved with 4.2×10 −2 m 2 and 4.5×10 −3 m 2 for the UCA and UPA, respectively. Generally, the expectation of the UCA is 1.5 to 2.0 times smaller than the expectation of the UPA as the array area ranges from 1×10 −3 m 2 to 1×10 −2 m 2 , while the standard deviation of the UPA goes from 4.5 to 3.5 times smaller than the standard deviation of the UCA as the VOLUME 5, 2017 area increases. On this basis, we will claim that the UPA has better size efficiency than the UCA.
V. NUMERICAL RESULTS
In this section, we evaluate the inner product of different steering vectors for ULAs, UPAs and UCAs. We also simulate the distance from FP for all three antenna configurations in the massive MIMO channel with practical deployment parameters.
A. THE INNER PRODUCT OF DIFFERENT STEERING VECTORS
In the simulations of this section, we illustrate the inner product of different steering vectors for different antenna configurations. All the possible arrival angles are drawn from and d = λ, we observe two things for all the antenna configurations. One is that the inner product of different steering vectors decreases quickly with an increasing number of BS antennas; i.e., the channel gets better as M increases, which results from the asymptotic orthogonality of steering vectors. The other observation is that the inner product of different steering vectors increases as the distance between antennas decreases, which implies that smaller antenna spacing generally leads to larger interuser interference. In the figures, we can also observe that the UPA is the most sensitive to small antenna spacing compared with the ULA and UCA; i.e., the UPA channel deteriorates more when antenna spacing has small values. This is because the density of antennas inside the array area is greatest for the UPA. Note that when antenna spacing is proportional to 1 M , i.e. d = λ M , the FP condition is not achievable by increasing M for any of the three antenna configurations since the inner product of different steering vectors does not converge to zero when M gets large. The simulations well confirm the conclusion that the FP condition is achievable with an unlimited number of BS antennas only if the antenna spacing is not proportional to the reciprocal of the number of BS antennas for all three antenna structures.
B. THE DISTANCE FROM FP
In addition to investigating the performance of three antenna configurations in the massive MIMO channel, we study the distance from FP with practical deployment parameters. In the simulations, we assume the BS serves K = 8 users. For all the antenna structures, the antenna spacings are assumed to be half the wavelength, i.e., (8) follows Gaussian distribution with zero mean and unit variance. Without loss of generality, we normalize the energy of the fading part of the channel, i.e. v k = 1, and the transmit SNR is assumed as p u = 0 dB. Owing to the sparsity of massive MIMO channels [26] - [30] , we assume each user has 5 paths; i.e., the simulated channel models a sparse NLOS channel. Fig. 10 shows the variation of the distance from FP for an increasing number of BS antennas under different antenna structures. From the figure, we can observe that the distances from FP of all the antenna configurations converge rapidly to zero, which implies that massive MIMO systems may not necessarily require large numbers of antennas. We observe that for a fixed number of BS antennas, the UCA has the shortest distance from FP. This indicates that the UCA offers the best channel compared to the ULA and UPA. However, this is because the UCA has the poorest antenna density. Finally, considering the size efficiency, we can draw the conclusion that the UPA is more suitable for massive MIMO systems for 5G because it has comparable performance to the ULA and to the UCA but with much more compact size. These observations are consistent with the results in Section IV. Generally speaking, massive MIMO can work in a practical deployment, and equipping BSs with UPAs may be a good choice for 5G.
VI. CONCLUSION
In this paper, we employed a general steering matrixpropagation matrix model to study the FP condition for massive MIMO. It was proved that conditions on the steering matrix alone are sufficient to guarantee that FP exists in a particular transmission system configuration, if either the steering and propagation matrices are uncorrelated, or if the complex transmission channel (propagation) matrix elements have finite magnitude. The latter condition will be satisfied for all practical massive MIMO implementations.
We investigated how close and how fast the inner products between different steering vectors converge to zero for the ULA, UPA and UCA restricted to the condition that the channel only knows the angular distribution. The conclusion that asymptotic orthogonality of channel vectors is achievable with an unlimited number of BS antennas only if antenna spacing is not proportional to the reciprocal of the number of BS antennas for all the antenna configurations was derived by theoretical analysis for the generic channel model with practical assumptions. These results extend previous knowledge in the literature on this point. Furthermore, we found that the UCA offers the best channel of the three antenna configurations whereas the UPA is more suitable for massive MIMO systems for 5G since it offers comparable performance to the ULA and to the UCA, but with much more compact physical size.
APPENDIX A
In this appendix, the derivations of the expectation and variance of the steering vectors are given.
The expectation of the steering vectors is derived as
where E AoA {·} represents the expectation operation for random AoA. The variance of the steering vectors can be derived as eq. (40) shown at the bottom of this page after some straightforward manipulations.
APPENDIX B
In this appendix, Proposition 1 in (24) Similar to the analysis leading to (41), we have 
when M is sufficiently large. Then, as |J 0 (x)| ≤ 1 when x ≥ 0, using property (46) and substituting (41)- (45) into (40), we derive the variance of the steering vectors for the ULA.
APPENDIX C
In this appendix, Proposition 2 in (29) 
Using the property of the Bessel function given in Appendix B, we obtain 
Using the
is not a zero of J 0 (x), we have that the FP condition is again violated for the UPA when the antenna spacing is proportional to the reciprocal of the number of antennas.
Finally, we investigate the UCA case. From (36a), we have that
Assuming that a 2 is not a zero of J 0 (x), we have that the FP condition is violated for the UCA when the antenna spacing is proportional to the reciprocal of the number of antennas.
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